Many studies have been published on survival after cancer surgery. Survival after surgery for colorectal cancer is partly explained by factors that are associated with general survival, such as age, male sex, comorbidity, and functional status. 1 -5 These studies and others have also shown associations between postoperative survival and local or metastatic features of disease activity. 6 7 Physiological derangements that both precede surgery or result from surgery have been amalgamated with some of these other factors to generate various composite scores that, in turn, associate with postoperative survival. 8 -11 Other studies have suggested that timely and appropriate postoperative allocation of critical care resources, through early identification of frail patients, could improve postoperative survival. 12 We hypothesized that intensive preoperative preparation could improve postoperative survival. The aim of this study was to identify which factors (preoperative, operative, and postoperative) were independently associated with survival after primary surgical resection of a colorectal adenocarcinoma.
Methods
We recorded perioperative data as standard for all patients having scheduled colorectal surgery for adenocarcinoma as part of a project to introduce the 'Enhanced Recovery' principles 13 between September 2005 and February 2009 in a 550-bed district general hospital in the UK. The primary outcome was survival from the day of surgery to the close of data collection (1000 postoperative days). The secondary outcome was admission to the critical care unit (CCU). Local ethical committee approval was not sought for analysing this database because this was a retrospective service evaluation to generate hypotheses for future allocated interventional studies.
We analysed whether postoperative survival was associated with: attendance at a high-risk preoperative clinic, age (at operation), sex, ASA grade, revised cardiac risk index score, WHO performance status (Table 1) , 14 serum creatinine concentration, postcode, BMI, date of surgery, neoadjuvant chemotherapy and radiotherapy, surgical approach, Dukes' classification, lymph node involvement, planned admission to critical care, and unplanned admission to critical care.
The colorectal surgeon or the nurse responsible for 'enhanced recovery' referred patients to the high-risk clinic. The colorectal surgeon decided whether to proceed to surgery without a high-risk clinic consultation. In the highrisk clinic, a consultant anaesthetist assessed and discussed the patient's perioperative risk of death and morbidity, estimated by age, sex, comorbidities (heart failure, ischaemic heart disease, cerebroarterial disease, impaired renal function, and peripheral arterial disease), cardiopulmonary exercise results, and planned operation (see Supplementary Appendix for details). Letters summarizing the consultation, test results, and risk prediction were sent to the patient, surgeon, and general practitioner and included recommendations on perioperative care, based on the risk assessment. The decision to use planned postoperative critical care or surgical ward care was confirmed on the day of surgery jointly by the anaesthetist, colorectal surgeon, and critical care consultant.
Hospital databases confirmed: histological diagnoses of adenocarcinoma, chemotherapy, radiotherapy, and deaths (via the primary care mortality database). We defined neoadjuvant chemotherapy and radiotherapy as admission to their respective day units within 3 months before surgery, and adjuvant therapy as admission to their respective day units in the 3 months after surgery. Information on critical care admissions was obtained from data collected prospectively for the Intensive Care National Audit and Research Centre (ICNARC) case-mix programme. 15 This included the source of the admission and the level of critical care provided. Our CCU is a combined intensive care unit (ICU) and high dependency care unit (HDU). Planned CCU admissions were from the preoperative clinic, from the operating theatre, or from the post-anaesthetic care unit. Unplanned CCU admissions were from the postoperative surgical ward. We defined a bed-day as a patient in the CCU at midnight. An ICU bed-day is level III critical care and an HDU bed-day is level II critical care as defined in 'Comprehensive Critical Care'. 16 
Statistics
We performed multivariable Cox regression analyses on the survival data with Intercooled Stata w 8.2 software (StataCorp LP, College Station, TX, USA), fitting perioperative variables to survival data with a maximum-likelihood proportional hazards model (stcox), using the Kaplan-Meier estimate and Breslow method for ties. We generated dummy variables for categorical factors, using the lowest value for the variable, and assessed interaction between each categorical variable and other categorical and continuous variables.
The proportional hazards assumption was tested with Schoenfeld residuals (stphtest) and examined graphically (stphplot, stcoxkm, Cox-Snell residuals). Martingale residuals were plotted to determine whether any variable required transformation and assessed predictive variables for influential values by plotting efficient score residuals (dfbeta) and deviance residuals. Baseline hazards were generated at mean values of continuous predictive factors. Survivor functions were tested with the log-rank test (sts test). We compared groups with the x 2 , Fisher's exact test, unpaired t, and non-parametric trend (nptrend) tests. All results were two-sided and P,0.05 was considered statistically significant. All patients attending the high-risk clinic were analysed as such, whether they were able to cycle the ergometer or not. Patients who did not attend the clinic were analysed as not attending, whether they had been referred or not.
Results
Three hundred and fourteen patients (167 men), mean (SD) 69.8 (10.9) yr, underwent scheduled colorectal resection for primary adenocarcinoma, confirmed by postoperative histology, and postoperative care provided using an enhanced recovery protocol.
Patients who attended the clinic were older with more comorbidity ( Table 2 ). We followed survivors for a mean of 983 days (range 696-1000 days). No patient was lost to followup. Sixty-four patients died during follow-up (8.6 per 100 person-years); 11 patients (3.5%) died within 30 postoperative days. The mortality rate was less after later operations. We interrogated the relationship between date of surgery and subsequent survival by splitting date of surgery into five periods of 250 days. The number of patients in each sequential period was 67, 48, 84, 63, and 52 (total 314). Annual mortality rate decreased from 14% after surgery performed between September 2005 and May 2006 to 3% after surgery performed between July 2008 and March 2009 ( Fig. 1 ). This is an annual relative reduction in mortality of 27% [95% confidence interval (CI) 18-52%], P¼0.0008 (x 2 test for trend). The 30 day mortality decreased from 4/67 in the first cohort to 0/52 in the final cohort.
On multivariable analysis stratified for date of surgery (as described above), postoperative mortality increased independently: with TNM lymph node stage (from 0 to 3), if postoperative critical care admission was unplanned, if preoperative WHO functional status was poor, if preoperative assessment in a high-risk clinic was not undertaken, and for Survival after colorectal surgery each unit reduction in BMI ( Table 3 ). The highest mortality rate of 15% per year was observed in 39 patients with the lowest BMIs (range 18 -22, mean 20.7); the lowest mortality rate of 2% was observed in 34 patients with the highest BMI (range 34 -52, mean 38.1). However, given the small numbers of patients and deaths in the BMI categories, it is unclear whether the relationship of BMI to postoperative mortality might be J-shaped (with a nadir around 27) rather than linear or curvilinear. Attendance at the preoperative high-risk clinic was associated with a 58% lower mortality rate, with all other independently predictive variables kept constant. Two hundred and seven patients were seen in the preoperative high-risk assessment clinic and 107 were not. Patients seen in the high-risk clinic were 2.7 yr older (95% CI 0.2-5 yr), were more likely to be ASA grade .I (91% vs 83%, P¼0.04), and had a higher mean creatinine concentration than patients not seen in the clinic (88 vs 81 mmol litre 21 , P¼0.02). The survival curves comparing patients seen in a preoperative clinic to those not seen are illustrated in Figure 2 .
Patients seen in the preoperative high-risk clinic were more likely to have planned postoperative admission to the CCU, 50/207 (24%) vs 13/107 (12%), P¼0.01. Planned postoperative admission was not directly associated with survival. However, the 50 patients who had planned admissions to critical care after attendance at the high-risk clinic were less well than the 157 who went to the ward (ASA grade .II, 67% vs 21%; WHO performance status .0, 51% vs 25%; RCRI score .1, 35% vs 25%). These variables did not differ with postoperative destination for patients who did not attend the preoperative high-risk clinic. Unplanned admission to the CCU was associated with mortality, but the rates of unplanned admission were not statistically different between the groups: 7/207 vs 8/107 (P¼0.09).
The variables not independently associated with postoperative survival were: sex, age (on day of operation), neoadjuvant chemotherapy or radiotherapy, creatinine concentration, Dukes' classification, ASA grade, revised cardiac risk index, surgical approach (laparoscopic or open), type of operation, surgeon, and postcode. However, some of these variables were displaced in multivariable analyses by similar but slightly more significant variables. For instance, deteriorating function with age meant that age was an independent variable for survival if WHO performance status was omitted, as was Dukes' classification if node status was omitted. Patients with restricted levels of activity (n¼103) were older (mean 10.3 yr, 95% CI 8-12.6 yr) than the 211 patients whose activity was unrestricted (WHO status ≥1 vs 0).
The estimated cost of postoperative critical care was less per patient seen in the high-risk clinic (£592) than those not seen (£676). Each high-risk appointment generated the hospital an income of £430. We assessed three or more patients per clinic and we estimated the net income to the hospital per patient as £210 after deduction of costs (for consultant anaesthetist, clerical support, consumables, and machine servicing). Inclusion of this in the balance decreases the cost per high-risk patient to £382 (Table 4 ). Between September 2005 and February 2009, there were 57 patients who presented acutely and required emergency resections of colorectal adenocarcinoma. An additional 35 patients had either urgent or scheduled surgery but did not receive postoperative care through the enhanced recovery programme run by specialists. This was because of uncovered leave for non-urgent cases, while urgent patients with impending bowel obstruction received different postoperative care. These cases have been excluded from analysis, although their inclusion altered the associations between mortality and perioperative factors by ,10%, did not remove any significant factor determined by multivariable analysis, or add any undetected factors. Fifteen patients referred to the high-risk clinic did not proceed to surgery. Decisions not to proceed rested with the patient and surgeon: in eight cases, the decision not to operate appears to have been concluded before consultation with the anaesthetist. We do not know how many patients with disease amenable to operative intervention were seen by surgeons in outpatients who did not proceed to either the high-risk clinic or surgery.
Discussion
In this study, several variables were associated with survival after scheduled colorectal adenocarcinoma resections within an enhanced recovery programme. In common with similar observational studies, we cannot demonstrate that these Survival after colorectal surgery variables caused differences in survival. For instance, unmeasured variables may have caused differences in survival, whether these were differences between patients, differences in disease or differences in treatment, preoperative, operative, or postoperative. We would like to discuss in particular the association of three factors with postoperative survival. The first factor is time, with mortality decreasing between September 2005 and March 2009. The average postoperative annual mortality rate was 8.5%, but was 14% after operations performed from September 2005 to May 2006 and 3% after operations performed from July 2008 to March 2009. This might be a chance finding or reflect a real decrease in postoperative mortality. Causative factors include a 2% year-on-year relative reduction in mortality in the general population, which might account for a small fraction of the relative 27% annual decrease in postoperative mortality. 17 Age, sex, ASA grades, and revised cardiac risk index scores did not differ significantly across the five time periods, although with each period patients were more likely to report WHO performance classification zero (good). Type of bowel resection did not change with time, although a laparoscopic approach became more common during the first three periods. Three surgeons operated throughout all five periods while one started operating at the beginning of the third period. However, neither surgeon nor surgical approach was associated with postoperative survival. Perhaps much of the reduction in mortality over these periods may have been caused, directly or indirectly, by changes that were consequent on the introduction of an enhanced recovery programme-for instance, early enteral nutrition and mobilization-and also general perioperative safety initiatives. For instance, Torbay Hospital participated in a 'Safer Patient Initiative' sponsored by the Health Foundation and run by staff from the Institute for Healthcare Improvement, the objective of which was to reduce morbidity and mortality through more reliable and timely application of standard procedures. For operative patients, these included the WHO checklists and safety briefs, timely administration of antibiotic and thromboprophylaxis, normothermia, and normoglycaemia. Similar initiatives proceeded in ICU and wards, coupled with a hygiene drive described as 'naked below the elbow'. These initiatives were reinforced by Department of Health attempts to reduce rates of hospital-acquired thromboembolism and infection, particularly methicillinresistant Staphylococcus aureus and Clostridium difficile.
The second factor of particular interest was the preoperative assessment of two-thirds of the patients in a high-risk clinic. Both high-risk assessment and good WHO performance status became more common throughout the observation period. We tried to isolate these factors from the effects of unidentified factors that also changed with time by stratifying analyses in five time periods. The intent of stratifying analyses in time was to compare patients with different characteristics going through a stable system that over longer periods of time changed. This attempt is unlikely to have removed confounding with other factors completely, although the result of this failure could be to increase or decrease the true association of WHO status, clinic attendance, or other variables with mortality. Nevertheless, the hazard ratios associated with each independent variable were largely unchanged by stratifying observation into nine or 12 equal periods (data not shown). This suggests that unidentified time-varying covariates have not led to spurious associations.
The third factor was planned postoperative ICU admission. We presented two multivariable analyses, one excluding postoperative care and one including postoperative care. Some aspects of perioperative care are necessarily associated with survival, but the association may be uninformative. For instance, the high mortality rate after unplanned admission to ICU probably signifies that patients died despite-not because of-admission. Mortality after planned admission to ICU was no different to patients who received ward care (and who also avoided unplanned critical care). One interpretation is that equivalent outcomes were due to equivalent populations, implying that planned postoperative admission to ICU was ineffective and unnecessary. However, the populations were different: patients who received planned critical care had higher WHO status, higher ASA grade, and higher revised cardiac risk indices. Therefore, one interpretation is that planned admission to ICU benefited patients at greater mortality risk, bringing their observed survival into line with lower-risk patients. Planned admission to ICU might therefore partly account for the differences in survival as it was more common in the group who attended the preoperative assessment clinic (24% vs 12%). In addition, planned admission of a higher-risk subgroup to ICU may have reduced the apparent association of risk factors with survival.
Survival from colorectal cancer in the UK has improved between 1995 and 2007 but still lags behind other European countries. 18 One factor that may contribute to this is less critical care facilities in the UK compared with North America and Western Europe. 19 Preoperative preparation can be used to control a cascade of events implicated in morbidity and mortality by appropriately allocating perioperative resources including critical care. 20 21 The Supplementary Appendix contains the model we currently use to estimate risk and to allocate perioperative resources. We use factors established as independent survival predictors in the general population to generate long-term survival curves. The temporary postoperative increase in mortality is estimated by multiplying the expected monthly mortality by a factor reflecting the magnitude of surgery, which for colorectal surgery ranges from 3 to 6. The majority of our calculation of risk can be achieved without recourse to the measurement of aerobic fitness, which refines the estimate further and is of most value in patients whose risk is raised due to other factors. Because we centre risk estimation on general prognostic factors, we no longer use anaerobic threshold as the fitness component of risk. Instead, we use peak oxygen consumption coupled with ventilatory equivalents for carbon dioxide, both of which have been subjected to prognostic assessment in more diverse populations than has the anaerobic threshold. We understand concerns that unblinded perioperative prognostic studies can produce spurious associations, as knowledge of risk can change risk by changing management (confounding by indication). While concerns have concentrated on the association of cardiopulmonary exercise testing (CPET) measures of fitness with mortality, they apply equally to any factor associated with mortality. 22 Our model would be interrogated more rigorously by hiding the age, sex, and comorbidities of patients than by hiding any CPET variable. It would be difficult to design a study where all prognostic variables were hidden and it is difficult to interpret the results of studies that blinded only some variables, such as CPET measurements, particularly when these correlate with unblinded variables. We continue to research, both retrospectively and prospectively, when applied to our patients and other published populations, how well our long-term predictions match observations. 23 In conclusion, attendance at a high-risk preoperative assessment clinic was associated with lower mortality after scheduled colorectal surgery. If causative, this association might in part be explained by more frequent planned postoperative admission to ICU.
